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ABSTRACT 
 
LINDSAY C. BERK: The Response of Avian Foraging Guilds and Plant Communities to 
Prescribed Fire in the Ponderosa Pine Forests of the U.S. Southwest 
(Under the direction of Aaron Moody) 
 
 
Many bird populations in the southwestern U.S. have declined due to decades of 
fire suppression and the resulting alteration of habitat.  In response, land managers have 
implemented prescribed fire treatments to mimic the historic landscape, however, the 
impacts of prescribed fire on bird communities and the mechanisms behind these 
responses remain unclear.  This study examines the effects of prescribed fire on bird 
communities in the southwestern ponderosa pine forests to determine the numerical and 
functional responses of bird communities to prescribed fire, and to investigate how 
changes in forest structure following fire treatments impact bird communities.  Avian and 
vegetation communities were sampled during the breeding season from 2002-2006 and 
foraging bird observations were conducted during June-July 2006.  The results of this 
research offer insight into the responses of birds to prescribed fire and provide land 
managers valuable information for improving forest management practices. 
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PREFACE 
 
Many of the field methods and analyses in this thesis include and build on data 
that was collected as part of a joint research venture between Colorado State University 
(CSU) and the USDA Forest Service Rocky Mountain Research Station (RMRS) in 
Flagstaff, AZ during 2002-2005.  Multiple collaborators were involved in the inception of 
the original research proposal and field methods, including the co-principle investigators 
of the RMRS Birds and Burn Network, William Block and Victoria Saab, and the 
graduate partners for the southwestern region of the project, Brett Dickson and Stephanie 
Jentsch. 
Along with many others, these people provided the original framework and design 
of the study, without which my thesis project would not be possible.  I became involved 
in the research project in 2005, after 3 years of data had been collected.  During the final 
field season of the Birds and Burns Network project in 2005, I assisted with avian counts 
at the Gila National Forest study site and collected post-treatment overstory vegetation 
measurements at treatment units.  In May-July 2006, Brett Dickson and I extended the 
project with CSU and RMRS to continue sampling breeding birds, to sample post-
treatment overstory vegetation at control units, and to sample avian foraging behavior at 
all four study sites.   
Although the original inception of the research project was due to the work of the 
mentioned people, through my Master’s project I contributed to their research effort by 
 vi 
designing and implementing the foraging behavior study and modifying the vegetation 
protocols for the post-treatment control units so that these data were able to be collected 
in 2006.  I also developed the research questions and hypotheses that are tested in this 
thesis, as well as designed the analytic approach and conducted the subsequent analyses 
presented in the following chapters.  This thesis is written in manuscript format so that it 
may be submitted for journal publication.  To reflect the collaborative nature of this 
research and the inclusion of multiple authors on resulting manuscripts, “we” is 
substituted for “I” in the relevant sections of the following chapters. 
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CHAPTER I: BACKGROUND 
 
Fire, Fuels, and Habitat  
The effects of fire are readily observed in burned ecosystems, often for decades 
following a disturbance.  Fire modifies species composition, forest structure, and 
ecosystem processes through the consumption of biomass; stimulation of plant dispersal 
and germination; diminishment of seed banks, soil organics, and soil biota; and transfer 
of nutrient stores to the soil surface (McKee and Lewis 1982, Brockway and Lewis 1997, 
Abella and Covington 2006).  In addition, fire is a patchy phenomenon, generating spatial 
heterogeneity in ecosystem properties across multiple scales, including the landscape 
scale through the selective destruction of vegetation, creation of forest gaps, and the 
cycling of nutrients (Pickett and White 1985, Brawn et al. 2001).  Fire can alter biomass, 
plant growth forms, and species composition (Bond and Keeley 2005), and its direct and 
indirect effects can be seen throughout impacted ecosystems.  Bird communities are 
particularly responsive to the alteration of nesting and foraging habitat, including the 
reduction of understory ground cover, the creation of standing dead trees (snags), and its 
impacts on prey communities (Bock and Block 2005). 
As with many ecological processes, the drivers and impacts of fire are highly 
complex and interrelated.   To portray the implications of these processes on bird 
communities, this research is situated within the broader framework of three primary 
variables; the fuel complex, the fire regime, and avian habitat (Figure 1).  The fuel 
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complex determines landscape flammability depending on the vegetation available for 
consumption if an ignition should occur, whereas a fire regime is composed of the 
frequency, severity, and extent that is characteristic of a fire for a given ecosystem.  In 
this context, avian habitat refers to both foraging and nesting habitat, as determined by 
forest structure, nest site availability, and food resources.  Secondary and tertiary 
variables, referring to climate, vegetation, and topography, can have an enhancing, 
diminishing, or varied effect on a primary variable, either directly or indirectly.  For 
example, avian habitat is affected by forest stand structure, tree mortality, and bark beetle 
infestations that increase nesting and foraging resources, all of which may themselves be 
affected by climate.  
As depicted by changes in the fuel complex, different fire regimes often have 
contrasting effects on the habitat within forest communities.  While stand-replacing fires 
increase tree mortality, low intensity ground fires reduce understory plant biomass and 
rarely cause direct mortality.  These fire regimes have different implications for bird 
species because changes in forest structure affect species differently depending on their 
life history traits and habitat requirements (Apfelbaum and Haney 1981, Breininger and 
Smith 1992, Hansen and Urban 1992).  Black-backed woodpeckers, for example, forage 
on large and less deteriorated snags in recently burned boreal forest because these snags 
contain higher densities of wood boring beetles (Nappi et al. 2003).  Cavity-nesting birds 
respond positively to increased snag density resulting from stand-replacing fires (Hutto 
1995), while ground foraging birds respond positively to low intensity fires that clear 
understory plants and enhance prey detection.  Thus, it is important to anticipate how 
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different fire regimes of an ecosystem interact with the major life-history strategies 
employed within a community in order to decipher its community effects.   
Food resources are cited as the most influential factor of avian habitat selection 
(Koplin 1972; Pyke 1984).  Because most forest birds are insectivorous during the 
breeding season, it has been hypothesized that avian communities respond to burned 
landscapes due to increases in arthropod food abundance (Powell et al. 2002, Saab and 
Powell 2005), specifically bark beetle outbreaks following fire.  In a study by Kreisel and 
Stein (1999), species in burned versus unburned forests did not differ in total abundance; 
however, bark-foraging birds were 2.5 times more abundant in burned forests during the 
early post-fire periods.  Additionally, Overturf (1979) reported that ground foraging and 
nesting birds experienced a marked increase in density at burned sites while for all bird 
species, these sites supported lower bird abundance and richness than unburned sites.  
Therefore, we can gain valuable insight into how birds respond to prescribed fire by 
incorporating the concept of foraging guilds and functional responses into our research 
and analysis.   
The guild concept, defined as groups of species that exploit the same class of 
resources in a similar way (Root 1967), is a useful way to group species for analysis and 
can be a more appropriate means of organizing community response to fire than solely 
richness and other numeric measures (Szaro 1986, Saab and Dudley 1998, Canterbury et 
al. 2000).  Additionally, birds exhibit some plasticity in their selection of foraging 
substrate, foraging mode, and tree species (Airola and Barrett 1985, Morrison et al. 1987) 
and fire may promote changes in foraging behavior within foraging guild.  Given this, 
numeric and functional responses may contradict one another. 
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Fire Suppression and Bird Responses 
Natural fire regimes have been significantly modified by humans (Habeck and 
Mutch 1973, Arno 2000) causing changes to the fuel complex and forest structure, and 
resulting in altered bird habitat in these ecosystems (Swetnam and Baisan 1996).  In 
many western forests, these modifications have led to excessive buildup of woody debris 
and understory growth producing a fuel-rich, fire-prone landscape (but see Schoennagel 
et al. 2004).  When fires do occur in these areas, they often produce large and 
catastrophic fires, with serious consequences for the fuel complex and bird habitat. 
  The alteration of bird habitat due to fire suppression has led to population 
declines for many bird species in North American forests (Engstrom et al. 1984, Brennan 
et al. 1998, Brawn et al. 2001). A widely cited example is the Red-cockaded Woodpecker 
in the southeastern U.S. (Conner and Rudolph 1991, Rudolph et al. 2002), which is 
dependent on old-growth longleaf pine (Pinus palustris) trees for nesting cavities with a 
fire-maintained open midstory.  As hardwoods expanded into the midstory due to fire 
suppression, woodpeckers abandoned their nesting territories (Loeb et al. 1992).  Decades 
of tree removal and fire suppression resulted in the federal listing of the species with the 
passage of the Endangered Species Act in 1973.  Because birds are highly sensitive to fire 
suppression, they have become a target for research on fire restoration (Engstrom et al. 
1984, Hutto 1995, Brennan et al. 1998, Bock and Block 2005, Saab and Powell 2005), 
and the reintroduction of natural fire regimes is considered crucial for the management of 
many species (Allen et al. 2002). 
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Prescribed Fire and Birds 
In efforts to return fire-adapted communities to a pre-European settlement state, 
local and national land managers (e.g. the U.S. Forest Service, Bureau of Land 
Management, National Park Service, and the Nature Conservancy) have implemented 
prescribed fire as a restoration tool.  Fire is often used in combination with mechanical 
thinning, to simulate the natural fire regime (in frequency and extent) and replicate the 
historic landscape structure.  Research has begun to target and evaluate these restoration 
approaches, often finding them successful at reducing fuel loads and enhancing wildlife 
populations.  Richards et al. (1999) found that prescribed fire can be implemented to 
maximize bird community diversity, and several other studies found that birds exhibit 
higher diversity and abundance in fire-maintained landscapes (Engstrom et al. 1984, 
Hutto 1995, Brennan et al. 1998, Brawn et al. 2001).   
Yet, the effects of prescribed fire on bird communities can vary according to 
species and functional group, because their nesting and foraging requirements are 
different.  For example, most insectivorous birds in a Midwestern oak savanna declined 
after a fire treatment whereas omnivorous ground foragers and insectivorous bark-
foragers increased in abundance, presumably due to increased snag density (Davis et al. 
2000).  Thus, life-history traits should be considered when quantifying bird responses to 
fire treatments.  Additionally, few studies have addressed the effects of prescribed fire on 
the diversity, ecology, and behavior of bird communities in ponderosa pine forests of the 
US Southwest (Horton and Mannan 1988, Finch et al. 1997, Bock and Block 2005), 
especially in reference to avian foraging guilds. 
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Southwestern Ponderosa Pine Forests 
Ponderosa pine forests (Pinus ponderosa Douglas ex. Lawson) span from the 
northern Rockies and Northwest Cascades in Canada to the high elevations of the 
Mogollon Plateau and south into Mexico.  The dominant overstory plants in this 
ecosystem are ponderosa pine, interspersed by oak (Quercus spp.) and juniper species 
(Juniperus spp.), and Douglas-fir (Pseudotsuga menziesii) at higher elevations.  The 
understory is comprised of annual and perennial grasses, forbs, and shrub species which 
flourish between periods of drought and fire.    
Southwestern ponderosa pine forests are maintained in their pre-settlement 
condition by a high frequency, low severity fire regime.  Fires are typically ignited by 
lightning after the snow melt in April and May and just before the summer monsoon rains 
during June-July (Swetnam and Baisan 1996).  Fire is one of the most important natural 
disturbances in ponderosa pine forests (Moir and Dieterich 1988, Covington and Moore 
1994), shaping the landscape structure and community composition.  Fires occur at least 
once every 10 years throughout the southwest and can occur as frequently as every 1-2 
years in northern Arizona (Dieterich 1980).  In these forests, fire travels along the 
understory fuels and rarely reaches the crowns of mature pines (Pyne 1996).  Frequent 
fires maintain the characteristics of a park-like structure, consisting of an open understory 
interspersed with large pines.  If areas remain unburned for long periods, understory litter 
and dense sapling thickets can act as ladder fuels carrying ground fires into the crowns of 
trees, resulting in high tree mortality (Hardy and Arno 1996).   Therefore, the 
maintenance of an open woodland structure is dependent on frequent ground fires to 
reduce saplings, understory grasses, and forbs.   
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As fire has been excluded from ponderosa pine forests, tree density and 
understory fuel load have increased (Cooper 1960, Covington and Moore 1994, Fulé et 
al. 1997).  For example, the pre-European settlement density of an Arizona ponderosa 
pine forest increased from an estimated 60 trees/ha in 1876 to more than 3000 trees/ha in 
1992 (Mast et al. 1999).  The increase in tree density has resulted in large, widespread 
fires in the region (Swetnam et al. 1999).  Although some of the earliest arguments for 
fire suppression include threats to human life and property, losses of life and property are 
often the outcome of uncharacteristic severe fires resulting from decades of suppression 
and fuel buildup (Covington and Moore 1994, Covington et al. 1997).  These 
uncharacteristic fires often make national news headlines such as Arizona’s Rodeo-
Chediski fire in 2002, during which over 450,000 acres burned, costing $153 million in 
fire suppression effort.  Consequently, many recommend that ponderosa pine forests 
should be the highest priority for fire and fuel management resources (Brown et al. 2004), 
and prescribed burning and thinning have been used for ponderosa pine forests 
restoration (Covington et al. 1997, Fulé et al. 1997).   However, the effectiveness of these 
techniques for forest restoration remains uncertain, as does their specific impacts on bird 
communities.   
 
Bird Responses in Ponderosa Forests 
Ponderosa pine forests are home to a number of threatened, vulnerable, or 
imperiled bird species, including the Northern Goshawk (Accipiter gentilis) and Mexican 
Spotted Owl (Strix occidentalis lucida).  Increases in tree density and understory growth 
due to fire suppression are believed to have serious consequences for bird communities in 
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these forests (Horton and Mannan 1988, Saab and Powell 2005).  In response, research 
has begun to address changes in bird populations due to fire suppression (Kirkpatrick et 
al. 2005), but the majority of this research has focused on how bird demographics change 
following fire.  Some studies have found unpronounced or contradictory population 
responses to prescribed fire, perhaps because bird species respond to fire severity and 
extent differently (Hejl 1994).  In literature reviewed by Hall et al. (1997), most studies 
indicated that bird populations in ponderosa pine forests tolerated at least moderate levels 
of disturbance by fire.  This trend was also found for our study region during 2002-2005 
(Dickson 2006).  In addition to demographic responses to fire, birds may also exhibit 
behavioral or functional responses that can have consequences for the observed 
community composition.  Recent research has shown that changes in bird foraging 
behavior reflect and indicate changes in habitat structure (Martin and Possingham 2005).    
Because birds have high site fidelity when nesting, fire-related changes in habitat may 
encourage different foraging strategies and behavior.  It is possible that changes in 
nesting habitat may illicit a numerical response whereas changes in foraging habitat may 
illicit a functional or behavioral response of impacted communities. 
While methods for assessing prescribed burn effects on bird demographics have 
been developed (Randall-Parker and Miller 2002), little is known of fire effects on bird 
communities, and few studies have addressed the behavioral impacts of fire treatments in 
the ponderosa pine forests in the Southwest. A notable exception is Pope’s (2006) study 
of bark-foraging birds wintering in Arizona which showed that Hairy Woodpeckers, 
versus other bark-foragers, had greater densities at burned sites than unburned sites and 
 9 
foraged on trees with bark beetle activity in greater proportion than trees with beetle 
activity as a whole.  
In the following chapter I present the effects of prescribed fire on bird 
communities in the southwestern ponderosa pine forests.  I propose to: 1) determine the 
numerical and functional responses of bird communities to prescribed fire; and 2) 
investigate how changes in forest structure following fire treatments impact bird 
communities.  Although the research focus is on the southwestern U.S., a similar 
conceptual framework can be applicable to most fire dominated landscapes across the 
Intermountain West. 
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CHAPTER II: THE RESPONSE OF AVIAN FORAGING GUILDS AND PLANT 
COMMUNITIES TO PRESCRIBED FIRE IN THE PONDEROSA PINE 
FORESTS OF THE U.S. SOUTHWEST 
 
 
Abstract 
 
Many bird populations in the southwestern U.S. have declined due to decades of 
fire suppression and the resulting alteration of habitat.  In response, land managers have 
implemented prescribed fire treatments to mimic the historic burn regime.  However, the 
impacts of prescribed fire on bird communities and the mechanisms behind these 
responses remain unclear.  This study examines the effects of prescribed fire on bird 
communities in the southwestern ponderosa pine forests to determine the numerical and 
functional responses to fire and investigate how changes in forest structure following fire 
treatments impact bird communities.   
Avian and vegetation communities were sampled during the breeding season from 
2002-2006 and foraging bird observations were conducted during June-July 2006 on 
study sites in Arizona and New Mexico.  Changes in beta diversity were exhibited at both 
burned and unburned sites, indicating an effect external to fire treatments.  The density of 
Hairy woodpeckers increased following fire at all study sites (by 12-15 
individuals/100ha).  Additionally, bark-foraging birds foraged in larger trees and selected 
a larger percentage of bark beetle infested trees than the available trees at burned sites.  
The results of this research offers insight into the responses of birds to prescribed fire and 
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can provide land managers with the necessary information to continue efficient forest 
management practices.  
 
Keywords: prescribed fire, birds, Pinus ponderosa, foraging behavior, guilds, U.S. 
Southwest
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Introduction 
 
The direct and indirect effects of fire are readily observed in burned ecosystems, 
sometimes for decades following a disturbance.  The impacts of fire on bird communities 
are widespread and often heavily debated (Brawn et al. 2001).  It is broadly recognized 
that fire modifies species composition, forest structure, and ecosystem processes (McKee 
and Lewis 1982, Brockway and Lewis 1997, Bond and Keeley 2005).   Yet, bird 
communities are particularly responsive to fire via the alteration of nesting and foraging 
habitat, including the reduction of understory ground cover, the creation of snags, and the 
impacts on prey communities (Bock and Block 2005).  Specific fire regimes have varying 
implications for birds because changes in forest structure affect species differently 
depending on their life history traits and habitat requirements (Apfelbaum and Haney 
1981, Breininger and Smith 1992).  Because most forest birds are insectivorous during 
the breeding season, it has been hypothesized that avian communities respond to burned 
landscapes due to increases in arthropod food abundance (Powell et al. 2002, Saab and 
Powell 2005), and thus fire may promote changes in foraging behavior within foraging 
guilds (Airola and Barrett 1985, Morrison et al. 1987).  If so, knowledge of how fire 
effects interact with the major life-history strategies employed by impacted species will 
help disentangle the community effects of fire management protocols. 
Natural fire regimes have been significantly modified, causing changes to 
landscape structure and forest community composition in many southwestern forests 
(Swetnam and Baisan 1996).  Decades of fire suppression have led to excessive buildup 
of woody debris and understory growth producing a fuel-rich, fire-prone landscape 
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(Habeck and Mutch 1973, Arno 2000).  When fires do occur in these areas, they may be 
more severe in terms of heat and extent, producing more frequent large and severe 
wildland fires (e.g. the Rodeo-Chediski Fire in Arizona in 2002 and the Cerro Grande 
Fire near Los Alamos, New Mexico in 2000).  In response, prescribed fire has been 
implemented in many forests to reduce fuel load and rehabilitate bird habitat. While 
methods for assessing prescribed burn effects on bird demographics have been developed 
(Randall-Parker and Miller 2002), little is known of fire effects on bird communities and 
few studies have addressed the effects of prescribed fire on the diversity, ecology, and 
behavior of bird communities in ponderosa pine forests of the U.S. Southwest (Horton 
and Mannan 1988, Finch et al. 1997, Bock and Block 2005), especially in reference to 
avian foraging guilds and the behavioral impacts of fire treatments in these forests. 
My goal for this study is to improve knowledge of the numerical and functional 
responses of bird communities to prescribed fire and the related changes in forest 
structure.  Specifically, I sought to address the following research questions and 
hypotheses: 
1) Question: How is bird diversity (alpha and beta diversity) impacted by 
prescribed fire? 
Hypothesis: In accordance with results reported in the literature, avian diversity 
will increase at treatment units due to prescribed fire, immediately and/or several 
years following the burn. 
 
2) Question: How do bark-foraging and cavity-nesting bird species respond to 
prescribed fire over time? 
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Hypothesis 1: Bark-foraging species will have higher densities due to abundant 
arthropod resources during several years following a prescribed fire. 
Hypothesis 2:  The abundance of cavity-nesting birds will increase at a rate 
proportional to the creation of standing dead trees, both immediately and/or 
several years following the burn, depending on the fire severity. 
 
3) Question: How does overstory vegetation respond to prescribed fire 
treatments? 
Hypothesis: Low to moderate severity prescribed fire treatments will reduce the 
cover of understory vegetation, increase snag density, and significantly decrease 
fuel tree density (<23 cm diameter at breast height, DBH) at treatment units. 
 
4) Question: Do changes in forest structure predict changes in avian diversity and 
abundance due to fire treatments? 
Hypothesis: Changes in forest structure can be used to predict avian diversity and 
abundance for overstory bird species, including bark-foraging birds. 
 
5) Question: In which ways does bird foraging behavior differ on burned and 
unburned study sites? 
Hypothesis: Bark-foraging bird species will spend more time on bark substrates at 
treatment units than at control units and will select trees harboring bark beetle 
populations to capitalize on abundant food resources following fire. 
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Methods 
 
Study Area 
We conducted research on four study sites situated in the southwestern ponderosa 
pine-dominated (Pinus ponderosa Douglas ex. Lawson) forests on the Mogollon Plateau 
in Arizona and New Mexico (Figure 2).  These sites are located within the Kaibab 
National Forest (Kaibab), Coconino National Forest (Coconino), and Apache-Sitgreaves 
National Forest (Apache-Sitgreaves) in Arizona and on the Gila National Forest (Gila) in 
New Mexico.   
The dominant overstory species consist of ponderosa pine, interspersed by 
Gambel oak (Quercus gambelii), alligator juniper (Juniperus deppeana), Utah juniper (J. 
osteosperma), one-seed juniper (J. menziesii), Rocky Mountain juniper (J. scopulorum), 
pinyon pine (Pinus edulis), and Douglas-fir (Pseudotsuga menziesii) at higher elevations.  
The thick, corky bark and long life span of ponderosa pine and Douglas-fir, and the 
ability of Gambel oak to resprout rapidly, are adaptations to fire, allowing these species 
to persist frequent burns (Habeck and Mutch 1973). 
The understory vegetation at study sites is comprised of long-lived woody shrubs, 
and annual and perennial forbs and grasses, including blue gramma (Bouteloua gracilis) 
and Arizona fescue (Festuca arizonica), which flourish between periods of drought and 
fire.  Characteristic birds of these sites include cavity-nesting and bark-foraging species 
such as, Hairy Woodpecker (Picoides villosus), Pygmy Nuthatch (Sitta pygmaea), White-
breasted (Sitta pygmaea), Mountain Chickadee (Poecile gambeli), Western Bluebird 
 21 
(Sialia mexicana), and the Northern Goshawk (Accipiter gentilis; listed as a Sensitive 
Species by the USDA Forest Service). 
 
Design   
We used a before-after/control-impact design (BACI; Green 1979), to measure 
response variables before and after a prescribed fire treatment.  The BACI design 
includes both spatial and temporal replication.  Thus, there are several plots and they are 
sampled over multiple time periods (Table 1).  Each study site consists of a treatment 
unit, which was burned in 2003-2004, and a control unit where no fire treatment was 
implemented.  Permanent sampling stations were established on each unit (278 total 
stations), chosen using a stratified random sampling approach (Dickson 2006).  
We collected data at the four study sites during 2002-2006 as part of a joint 
research venture between Colorado State University (CSU) and Rocky Mountain 
Research Station (RMRS) in Flagstaff, AZ.  These data include: 1) breeding bird 
diversity and density; 2) overstory vegetation and forest structure attributes; and 3) 
foraging bird behavior. 
 
Field Methods 
 
Avian Counts 
In May-June 2002-2006, we sampled breeding birds at each study site in 
accordance with distance sampling methods developed by Dickson and Noon (2006), and 
adapted from Buckland et al. (2001).  At each sampling station, a trained technician 
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recorded all bird species detected by sight or sound during a 5-minute fixed-radius count.   
All detections were given azimuth bearings and appropriated to defined distance bins in 
the field (0-10 m, >10-25 m, >25-50 m, >50-75 m, >75-100 m, >100 m).  Technicians 
conducted avian counts during 0500-0800 h at all established sampling stations.  
Technicians visited each station three to four times over the sampling period each year to 
account for any temporal variability during the breeding season.   
 
Vegetation 
We sampled vegetation transects at each sampling station in a rectangular cross 
plot formation (Figure 3).  Each transect measured 25 meters in length and was oriented 
to a cardinal direction.  Technicians collected data on forest vegetation attributes at each 
study site once during the pre-treatment and once during the post-treatment period using 
protocols adapted from the RMRS Birds and Burns Network (for more detail on 
overstory vegetation sampling see: http://www.rmrs.nau.edu/lab/4251/birdsnburns/). 
 We measured snags ≥ 23 cm diameter at breast height (1.37 m, DBH), herein 
referred to as wildlife snags, within 10 m of the centerline of cross plot and measured 
trees ≥ 23 cm DBH (wildlife trees) within 3 m of the centerline.  We considered any 
snags and tress < 23 cm DBH as fuels and measured them within 1 m of the cross plot 
centerline. 
 
Foraging Behavior 
In 2006, trained technicians systematically searched for foraging birds throughout 
study sites during 0800-1200 h.  Technicians searched for foraging birds at each unit 
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twice in entirety during June and July.  Once a foraging individual was located, the 
observer waited 10 seconds before recording observations to allow the bird to resume 
“normal” foraging behavior.  Upon completion of this waiting period, sequential 
observations were recorded for 20 seconds.  Data collected included foraging behavior, 
location, substrate, and relevant structural attributes of the foraged plant and observations 
were coded to provide for reliable data recording and analysis.  After the start of the field 
season, a presence/absence measurement of beetle attack was included for each foraged 
tree.   
During June-July 2006, technicians recorded foraging behavior of 1066 birds.  Of 
the 1066 observation samples, 341 were excluded because they did not meet our criteria 
of independence, and 725 were retained for analysis.  This independent subset totaled 
7668 seconds of foraging observations.  Within these observations, we recorded 3828 
seconds of bark-foraging bird activity and 3826 seconds of non-bark foraging bird 
activity.  Approximately 51% of the time observed occurred at the treatment units. 
 
Analytical Methods 
 
Bird Diversity 
To characterize bird diversity for each study site, I used the Jaccard’s index of 
similarity to compare pairs of sampling station in terms of shared species.  This measure 
of diversity index is referred to as beta diversity, the turnover of species over space 
(Whittaker 1972, Wilson and Shmida 1984). 
Jaccard’s index can be computed as follows: 
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cS ji ++
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where i and j are sampling stations, a is the number of species that occur only at station i, 
b is the number of species that occur only at station j, and c is the number of shared 
species.  The Jaccard’s coefficient ranges from 0 to 1, where values are maximized when 
two sampling stations are most similar.  To characterize species turnover for each site, I 
calculated the mean value of all pairs of points in each study site and for pairs of plots 
within the treatment and control units individually.  Jaccard’s index is a relatively 
straightforward means for quantifying diversity, particularly for inter-unit and inter-
annual comparisons. 
 
Avian Density Estimates 
In the field, we grouped bird detections into distance bins (0-10 m, >10-25 m, 
>25-50 m, >50-75 m, >75-100 m, >100 m).  Each bin was converted to the midpoint 
distance for distance analysis. Flyover, incidental, and detections >100 m were not 
included in the analysis.  Distance methods are built on the assumption that species 
detectability decreases with distance, and assume that: 1) individuals on the point are 
always detected; 2) individuals are detected at their initial location; and 3) distances are 
measured accurately.  If these assumptions are met, raw abundance data can be converted 
to distance-corrected density and abundance estimates.   
Dickson (2006) estimated species densities for each unit during the pre-treatment 
and post-treatment period using 14 commonly occurring species as an inference set.  
Common species were those that had >500 detections across all years.  To increase 
sample size, he pooled detections from the pre-treatment period (2002, 2003) and the 
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post-treatment period (2004, 2005).  He used a half-normal key with cosine series 
expansion (≤2 adjustment terms) and multiple covariate distance sampling methods, 
including the site, year, and observer rank and covariates to model a global detection 
function for each species at each site (for further detail see Dickson 2006).  These 
estimates were generated using the program Distance 5.0 (Thomas et al. 2005) to adjust 
for the probability of detection for each species and study site.  Building upon these data, 
I adjusted the 2006 avian counts for differences in detection probabilities among species 
and among sites.  From Buckland et al. (2001),  
tA
ND
ˆ
ˆ = , and 
pAA
ENN
ts ˆ)(
)(
ˆ
×
= , 
where Dˆ  =estimated density, Nˆ  =estimated number of individuals, tA  =total area of 
study unit, N =number of detected individuals, E =sampling effort, sA =area sampled, 
and pˆ  =detection probability. 
We used variable circular plots, also known as point transects, to sample the bird 
community. Thus, 
( )2wkAs ×= π , 
where k=number of sampling stations, w=sampling radius, and in our case, 
( )2100)5025(~ ×−= πsA . 
I was then able to calculate density given the detection probability and area sampled for 
each species.  To adjust the 2006 data, I only used detection probabilities generated for 
the post-treatment period (2004-2005) at each study site, after removing flyovers, 
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incidental detections, and unknown species from the dataset.  All subsequent temporal 
analyses are partitioned into pre-treatment (2002/2003), post-treatment (2004/2005), and 
post-treatment (2006) periods. 
 
Vegetation 
During 2002-2006 we sampled vegetation along four 25 m transects at each of the 
278 permanent stations.  These transects were measured once before and once following 
the burn treatment, for a total of 2224 transects measured over 5 years.  These data were 
summarized for each station, at all control and treatment units, and for each sampling 
period.   During this period we sampled over 5449 wildlife trees and 609 wildlife snags at 
the control and treatment units pre- and post-treatment.  From these data, I calculated the 
basal area for fuel trees, wildlife tress, and total trees.  Tree basal area is calculated as:  
2
200
)(



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
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cmDBHBA π . 
I also converted fuel tree, wildlife tree, and total tree abundances into tree 
densities, and wildlife snag abundances into snag density estimates.  I used linear 
regression to test for the effect of overstory vegetation characteristics on bark-foraging 
bird abundance, and analysis of variance (ANOVA) with site and interaction effects to 
test for the effect of overstory vegetation on bark-foraging bird diversity using the 
statistical program R (R Development Core Team 2007). 
 
Foraging Behavior 
Foraging observation sequences that contained only searching behavior were first 
removed from the analysis.  Some authors have criticized using behavioral observations 
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to determine avian habitat because individuals within family and foraging groups are 
temporally and spatially correlated, and as a result, cannot be treated as independent 
samples (Bell et al. 1990, Noon and Block 1990).  To address this critique, I only 
collected behavior observations of one individual per family group in the field so that 
each 20 seconds of bird observation could be treated as an independent sample.  To 
control for unanticipated and undetected correlation among individuals within foraging 
groups, foraging behavior observations were also filtered for observations recorded 
within 5 minutes of each other.  In doing so, I was able to keep 65-89 % of the original 
records, maintaining that each record in the dataset was an independent behavior sample. 
To determine selective forest use of foraging birds, I partitioned all behavior 
observations into proportions of foraging time spent on each type of available substrate.  
These observations were treated separately for the control and treatment units and for 
bark-foragers and non-bark foraging birds.  Bark-foraging species include: Pygmy 
Nuthatch, White-breasted Nuthatch, Hairy Woodpecker, Brown Creeper, Three-toed 
Woodpecker, Red-breasted Nuthatch, and Acorn Woodpecker.  Foraging substrates were 
also analyzed separately for bark and non-bark substrates. 
At each foraging event, technicians measured the DBH, height, and crown width 
of the foraged tree.  These data were analyzed against the random subset of trees 
measured along vegetation transects at each sampling station (see Vegetation in Field 
Methods). These differences were tested using a two-way ANOVA.   Tree measurements 
were treated separately for the treatment and control units and also separately for bark-
foraging and other species. 
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Results 
 
Avian Counts 
During May-June 2006, technicians recorded a total of 13,976 individual bird 
detections.  These data were pooled with 43,219 detections from 2002-2005, for a total of 
57,195 detections from 4778 sampling occasions during the entire study period.  We 
recorded 55 bird species in 2006 and 82 species over the whole sampling period on all 
study sites.  The most abundant species, Dark-eyed Junco (Junco hyemalis) made up 12% 
of all detections recorded (n=1700), and occurred on 97% of all sampling stations in 2006 
(n=270).  Bark-foraging species comprised 12% of the total detections (n=1638), with 
minor differences in detections between treatment and control units.  Cavity-nesting birds 
comprised 23% of the total detections (n=3153), with 48% of these detections occurring 
on the treatment units.   
 
Avian Diversity 
Alpha diversity, or species richness, ranged from 35 to 59 species during the 
entire study period (Table 2).  In 2006, alpha diversity estimates totaled 38, 50, 34, and 
41 species at Apache-Sitgreaves, Coconino, Gila, and Kaibab, respectively.  Each of the 
control units supported 4-16% more species than the respective treatment units at a given 
site during this period (3-10 more species).  In 2006, Jaccard’s S (+/- SE), or beta 
diversity, ranged from 0.46 +/- 0.01 to 0.57 +/- 0.02 at the treatment units and from 0.50 
+/-0.02 to 0.62 +/- 0.02 at controls.  For all sites, beta diversity was slightly higher at the 
treatment units than at the controls.  However, there were positive, negative, and 
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statically non-significant differences between controls and treatments for each site 
individually (Table 3). 
I calculated S for the most severely burned sites, Gila and Kaibab, for the five 
year study period to measure temporal changes in diversity and differences between 
control and treatment units.  At the Gila site, S values at the control closely matched those 
at the treatment unit during 2002-2006 (Figure 4).  I found a similar, yet more 
pronounced temporal trend at Kaibab over the study period (Figure 5).  A peak in S was 
exhibited in 2003 for both control and treatment units, and there only significant 
difference between these groups occurred in 2006 during which they both exhibited a low 
S-value. 
 
Avian Density 
After correcting avian counts for differences in detection probabilities, I found 
that avian density estimates were highly variable over the study period (Table 4).  
Because cavity-nesting species have had higher reproductive success in burned versus 
unburned forests (Saab et al. 2005), and bark-foraging species have responded to 
increases in food availability following fire in the ponderosa pine forests (Bock and 
Block 2005, Pope 2006), I investigated the densities of Hairy Woodpecker (bark-forager, 
cavity-nester), White-breasted Nuthatch (bark-forager, cavity-nester), Pygmy Nuthatch 
(bark-forager, cavity-nester), Western Bluebird (cavity-nester), and Mountain Chickadee 
(cavity-nester; Figures 6-9).   
The net density for Hairy Woodpeckers, or the difference between control and 
treatment ( )controltreatment DD ˆˆ − , increased by 12-15 individuals/100ha.  These treatment 
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responses were exhibited both immediately following and several years after the fire 
treatment.  The net density for Western Bluebird populations increased from the pre-
treatment to the post-treatment period by 1-21 birds/100ha and subsequently decreased in 
2006 by 3-32 birds/100 ha- (see stacked plots, Figures 6-9).  This trend was most 
apparent at Kaibab where net bird density more than doubled from pre- to post-treatment 
(2004/2005) and then decreased tenfold from post-treatment (2004/2005) to 2006 (Figure 
9).  Overall, Western Bluebird density was consistently higher at treatment units when 
compared with controls, between 1-39 more individuals/100 ha (Table 4).  The net 
density responses were mixed in magnitude and direction for White-breasted Nuthatch, 
Pygmy Nuthatch, and Mountain Chickadee populations (Table 4). 
 
Vegetation 
For comparisons between pre- and post-treatment vegetation, I report only density 
estimates because the sampling protocols were changed in 2004 and as a result, a smaller 
total area was sampled at each transect during the post-treatment period.  Thus, any 
reported changes in tree abundance (trees per hectare, TPH) would be specious.  I 
standardized vegetation measurements by converting the tree and snag abundance data to 
densities per hectare (Figures 10-16).   
During the entire study period (2002-2006), wildlife tree density significantly 
increased at treatment units from the pre- to post-treatment periods (Table 5; p=0.0018).  
However, there was also a significant site effect (p<0.0001) and a site + treatment 
interaction effect (p<0.0001).  The control units exhibited no significant difference in 
wildlife tree density. 
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At the treatment units, fuel tree density decreased significantly from the pre- to 
post-treatment periods (p=0.0274) but there was also a site effect (p<0.0001) and 
interaction effect (p<0.0001).  Fuel tree density was not significantly different at controls 
from pre- to post-treatment periods but there was a site effect (p<0.0001) and interaction 
effect (p=0.0047).  Additionally, snag density significantly increased at treatment units 
(p=0.0145), with a study site interaction effect (p=0.0432).  At control units snag density 
increased (p=0.0182), but there was also a site effect (p=0.0016).   
Considering only the two most severely burned sites, Gila and Kaibab, there were 
no significant differences between trees or snags at treatment and control units during the 
pre-treatment period (Table 6).  However, during the post-treatment period, snag density 
was significantly higher at treatment units (p=0.0205), while total tree density was 
significantly lower (p=0.0341), thus, suggesting a treatment effect on snag and tree 
densities.  In addition, total tree density and specifically, fuel tree density (<23cm DBH), 
significantly decreased at the treatment units during the study period (p=0.0004; Table 6), 
further supporting a treatment effect on tree density.  During the entire period of 
observation, snag density increased approximately twofold at the control units (p=0.0148) 
and increased by over four times at the treatment units (p=0.0109).  
 
Vegetation and Birds 
I tested for the effect of post-treatment overstory vegetation on bark-foraging bird 
abundance in 2006 using linear regression.  At the treatment units, total tree basal area 
and wildlife tree density best predicted bark-forager abundance (R2=0.1929, p<0.001, 
R2=0.1644, p<0.001; Table 7).  These vegetation variables predicted bark-forager 
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abundance at the control units to a lesser extent (R2=0.0273-0.0927, p<0.05).  ANOVA 
results indicate that tree basal area explains a significant portion of the variance in bark-
forager diversity at the control (p=0.0181) and the treatment units (p<0.001).  Wildlife 
tree density and total trees per hectare explained variance in bark-forager diversity only at 
the treatment units (p<0.001; Table 8). 
 
Foraging Behavior  
Taken collectively, birds spent 78.09% of the sampled time on bark substrates 
(Table 9).  I found that 81.84% of foraging time occurred on bark substrates at the 
treatment versus 75.87% at the control units, a statistically non-significant difference 
(p=0.3506).  Bark-foraging species spent 91.02% of their sampled time on bark 
substrates, compared to 64.19% for non-bark foraging species (p=0.0072, Table 9).  At 
Apache-Sitgreaves, Coconino, and Gila sites bark-foraging species did not exhibit a 
statistically significant difference in time foraged on bark substrates at the treatment 
versus at the control (p=0.8553).  However at Kaibab, one of the more severely burned 
sites, bark-foraging species exhibited a stronger inclination for bark substrates at the 
treatment than at the control.  For all species at Kaibab, a larger percentage of observed 
time at the treatment was spent on trunk and medium branch substrates when compared 
with the control.  Bark-foraging species spent more than twice the recorded time on trunk 
substrates at the treatment unit than at the control (56.13% vs. 25.71%).   
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Foraged vs. Random Trees  
To determine if these results were driven by substrate availability, I used a two-
sample Welch’s t-test to compare foraged trees ≥23cm DBH to wildlife trees sampled 
along transects at control and treatment units.  I considered this second group of trees a 
randomly selected subset of the available trees at the control and treatment units.  The 
DBH of the random subset of trees did not significantly differ at the treatment and control 
units, except for at Kaibab, where the treatment unit harbored slightly larger trees on 
average (p=0.0184, Table 10).  For all study sites, DBH of foraged trees were 
significantly higher than those randomly selected at treatment. Similarly, the DBH of 
foraged trees at the control units were significantly higher than for the random trees at the 
control (p<0.0001, Table 11).  For bark-foraging species, foraged trees were significantly 
larger than those randomly selected at the treatment units, while there was no difference 
between bark-foraged trees and random trees at the control units (with the exception of 
Coconino, p<0.0001; Table 11).  
 
Bark Beetle Presence 
Of the foraged trees that were measured for signs of beetle activity, 23% had been 
attacked (Table 12).  And of this group, 66.2% of trees were foraged by bark-foraging 
species (n=47).  Of the measured trees at the treatment units, 39% were attacked versus 
24% attacked at control units.  These estimates are much higher than Pope’s (2006) 
results indicating 12% of all measured trees at the treatment and 6% of trees at the control 
were attacked by beetles (8.8% total, n=387).  Similarly, Breece (2006) found that 13% 
of measured trees were attacked at the treatment and 1.5% of measured trees were 
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attacked at the control units (7% total, n=146).  The results of these studies are 
particularly relevant because research done by Breece and Pope was conducted on the 
same sites as this study.  Therefore, bark-foraging birds in this study selected a larger 
proportion of attacked trees for foraging than the total proportion of attacked trees 
available on these sites. 
 
Discussion 
 
Bird Diversity and Regional Climate 
Avian diversity is highly variable between study sites, treatment and control units, 
and from year to year throughout the sampling period (2002-2006).  Although there are 
marked differences between control and treatment units, there was no clear trend across 
study sites and within functional guilds.  Additionally, there appeared to be no clear 
diversity response to fire treatments.  At Gila and Kaibab, Jaccard’s S exhibited a similar 
response at both the treatment and control sites during the entire sampling period.  This 
trend indicates that changes in species turnover are exhibited at both control and 
treatments over time, implying a different mechanism affecting richness and species 
turnover at these sites, interacting with other habitat variables or regional environmental 
trends that mask or interact with fire treatment effects. 
Drought and precipitation cycles, such as the El Niño-Southern Oscillation may 
impact species turnover at all treatment and control units (Swetnam and Betancourt 
1990).  Thus, a treatment effect could be overshadowed by a stronger climatic signal, 
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particularly for species turnover, which may be more impacted by regional trends than by 
low to moderate intensity ground fires and forest structure.   
Regional drought has been well documented in ponderosa pine forests of the 
Southwest (Moir et al. 1997), and has widespread effects for the fuel complex, fire 
regime, and avian habitat (Figure 1).  Drought can both increase the flammability of the 
fuel complex but can also deter plant growth, depending on its seasonality.  Additionally, 
as drought substantially weakens tree defenses, it makes trees more susceptible to bark 
beetle attacks, subsequently increasing tree mortality.  High tree mortality due to drought 
and beetle infestations has serious implications for the fire regime, often increasing the 
severity and extent of a given fire. Because food resources and nesting habitat drive bird 
populations, local and regional climatic patterns influence bird densities (Szaro and Balda 
1986).  When beetle populations are at endemic levels bird predation can keep them in 
check (Crawford et al. 1983); however, drought can trigger parasite infestations and 
large-scale tree mortality.  Cavity-nesting species may benefit short-term from the 
increased tree mortality due to drought, fire, and beetles but not in the long-term as these 
trees begin to fall, especially if mortality exceeds recruitment (Finch et al. 1997).   
 
Vegetation, Avian Density and Delayed Effects 
The response of vegetation to fire treatments was as expected from the literature 
(McHugh and Kolb 2003).  Most of the tree mortality occurred in the small diameter fuel 
tree class, which is characteristic of a low intensity, high frequency fire regime (McHugh 
and Kolb 2003).  However, bird populations did not respond to fire in a consistent way 
over the study period.  Although I expected individual species and functional guilds to 
 36 
respond to fire treatments differently, the variability at replicate study sites was 
unexpected.  Additionally, there were no clear trends exhibited at all of the study sites 
over time. This is partly explained by the fact that the four study sites experienced 
varying levels of burn severity during the prescription and the treatment units were not 
burned homogenously.  Because of the nature of low severity prescribed burns, a given 
treatment may not impact avian density.  Furthermore, prescribed fire rarely occurs 
frequently enough to alter the fuel complex and stand structure in order to mimic the 
historic fire regime.   
However, some species densities increased due to fire treatments, specifically 
Hairy Woodpeckers.  Increases in Hairy Woodpecker abundance and density after a 
moderate to high-severity fire have been well documented in the literature (Bock and 
Block 2005, Kotliar et al. 2005, Smucker et al. 2005).  Blake (1982) found that Hairy 
Woodpeckers were more common in burned versus unburned habitat during the winter 
and it is believed that woodpecker responses to fire are due to increased prey availability 
rather than enhanced reproductive success (Koplin 1969, Brawn et al. 2001).  Hairy 
Woodpeckers are considered opportunistic foragers and will migrate to follow food 
sources (Szaro et al. 1990).  They are extremely effective at extracting beetles from 
underneath bark, and many other bark-foraging species rely on them to gain access to the 
phloem and beetle populations (Bock and Bock 1983).  Therefore, an increase in 
woodpecker density can serve as an indicator of fire and the resulting bark beetle 
outbreaks, often resulting in tree mortality (Breece 2006). 
It has been shown that several species of bark beetles persist in ponderosa pine 
stands that have been weakened due to fire (Sanchez-Martinez and Wagner 2002), and 
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can provide food for other organisms (Coulson et al. 1999).  Mountain pine beetle 
(Dendroctonus ponderosae), western pine beetle (D. brevicomis), red turpentine beetle 
(D. valens), and pine engraver beetle (Ips spp.) have all been documented in ponderosa 
pine forests (McHugh et al. 2003, Breece 2006).  Densities of beetle populations often 
increase following low-severity fires, including those often implemented in prescribed 
burns (Bradley and Tueller 2001, Machmer 2002). And as trees defenses weaken with 
time, bark beetle attacks can be expected to increase and spread with time (McCullough 
et al. 1998, Bradley and Tueller 2001, McHugh et al. 2003, Wallin et al. 2003).   
Thus, cavity-nesting and bark-foraging bird species may not exhibit an 
instantaneous response to fire treatments.  Delayed tree mortality has been associated 
with weakened tree defenses following fire and parasite infestations (Thies et al. 2006).  
Although ponderosa pine trees are well adapted to fire, having thick bark which protects 
the phloem and prevents permanent fire damage, it has been shown that a buildup of duff 
and pine needles around the base of a tree due to fire suppression can lead to fires 
smoldering around the bole for longer periods and eventually weakening the tree’s 
defenses and leading to mortality (Swezy and Agee 1991).  Thus, cavity-nesting birds 
would not be able to exploit the potential benefits of prescribed fire until several years 
following a treatment.  
 
Foraging and Beetles 
Because bark beetle populations increase following a prescribed fire (McCullough 
et al. 1998, Bradley and Tueller 2001, McHugh et al. 2003, Wallin et al. 2003), we 
expected bark-foraging species to respond in a similar way.  However, while Hairy 
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Woodpecker densities increased due to fire, all bark-foraging and cavity-nesting species 
did not.   Contradictory numeric responses to treatments may be best explained by 
changes in avian behavior and feeding strategies following fire.  As illustrated, bark-
foraging birds selected bark substrates for a larger percentage of observed forging time.  
Additionally, they selected larger trees than those available at random.   Birds in the 
ponderosa pine forests were likely responding to increases in bark beetles and wood 
borers as food resources at the treatment units, which is supported by higher beetle attack 
estimates at these sites (Breece 2006, Pope 2006).  Consequently, the foraging guild 
proved useful to organize bird species by behavior, however, but in this study it did not 
predict avian numerical responses. 
 
Conclusion 
 
Although the fuel complex, fire regime, and avian habitat provided a useful 
framework for this work, forest community responses to prescribed fire can prove 
challenging for interpretation and confounding forest processes can often interact and 
mask treatment effects on bird communities, even when a before-after/control-impact 
experimental design has been employed.   
For instance, bird species respond to prescribed fire differently depending on their 
life history traits, including guild associations and the plasticity of their habitat 
requirements.  Opportunistic foragers, such as Hairy Woodpeckers, respond to fire and 
the subsequent beetle increases more quickly than other species.  Thus, there are merits to 
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categorizing birds by functional guilds.  However, not all species of this guild responded 
in a similar way.   
There is currently increasing interest in the expansion of bark beetle outbreaks 
leading to widespread tree mortality and increased fire risk, however, little is known 
about the impacts of the beetle expansion on bark-foraging bird species and their adaptive 
behavior and foraging strategies.  Thus, it is necessary to continue efforts to understand 
how bird communities respond to prescribed burning and other management techniques, 
especially in reference to their interaction with prey communities.   
The several years following a prescribed fire are imperative to understanding the 
effects on the forest community.  There can often be delayed effects of prescribed fire on 
tree mortality, beetle abundance, and the resulting impacts on nesting and foraging 
habitat.  An increase in long term monitoring is merited, particularly beyond 2 years post-
fire, while we continue to evaluate the effects of prescribed fire on wildlife communities 
with an emphasis on studies incorporating an experimental approach.   
Additionally, because human-caused changes persist on the existing landscape 
(e.g. logging, fire suppression, grazing), the impacts of fire reintroduction could have 
surprising and unexpected results.  While prescribed fire is an effective tool for fuel 
reduction and forest restoration, its synergistic and often delayed effects can be seen 
throughout the impacted ecosystem and managers should be prepared for unpredicted 
results.  Thus, scientists need to work closely with land managers and prescribed fire 
crews so that science can inform the policy and management impacting the wildlife and 
plant communities.  Finally, research must continue to investigate the driving 
mechanisms affecting bird populations following prescribed fire, with particular 
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emphasis on how management efforts can impact the dynamics of the fuel complex, fire 
regime, and bird habitat in the southwestern ponderosa pine ecosystem. 
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Table 1. Study site descriptions and sampling design for treatment and control units on 
four sites in Arizona and New Mexico (Apache-Sitgreaves National Forest, AZ; 
Coconino National Forest, AZ; Gila National Forest, NM; Kaibab National Forest, AZ).  
Visits indicate the number of times each station was sampled during May-June 2002-
2006.  The prescribed fire treatment occurred on all of the treatment units between 
October 2003 and May 2004, with mean flame lengths as an index of burn severity. 
Site Unit Area (ha) Stations 
Total 
Visits 
Area burned 
(ha) 
Mean flame 
lengths (cm) 
Apache-
Sitgreaves    15 
  
 Treatment 396 29  334 30 
 Controls 285 29    
Coconino    12   
 Treatment 405 40  404 15-30 
 Control 404 40    
Gila    15   
 Treatment 262 25  263 76 
 Control 245 25    
Kaibab    12   
 Treatment 396 40  355 30-46 
 Controls 486 50    
 
 
 
 
Table 2. Bird species richness at each study site during 2002-2006.  The Apache-
Sitgreaves and Coconino sites were not sampled in 2002. 
 
Year Apache-Sitgreaves Coconino Gila Kaibab 
2002 n/a n/a 35 37 
2003 36 47 35 35 
2004 46 50 39 42 
2005 43 59 43 45 
2006 38 50 34 41 
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Table 3.  Species richness for each study site, treatment, and control units in 2006.  
Jaccard’s Diversity Index (S) and standard error (SE) for each site in were computed 
using the presence/absence of species in 2006.  The statistically significant results from 
an ANOVA for treatment and control units (t) are indicated in bold and their associated 
degrees of freedom (df) and p-values (p) are shown. 
Site Unit Total species Jaccard's S1 SE (+/-) Treatment/Control 
Apache-
Sitgreaves  38 0.5903 0.0149 
 
t 
 
-13.10 
 Treatment 27 0.5155 0.0187 df 791 
 Control 37 0.6159 0.0218 p <0.0001 
Coconino  50 0.4910 0.0107 t -8.89 
 Treatment 40 0.4611 0.0140 df 1530 
 Control 47 0.5040 0.0161 p <0.0001 
Gila  34 0.5796 0.0167 t -0.06 
 Treatment 30 0.5676 0.0244 df 593 
 Control 34 0.5682 0.0222 p 0.95 
Kaibab  41 0.5573 0.0133 t 5.43 
 Treatment 35 0.5712 0.0234 df 1318 
 Control 38 0.5378 0.0155 p <0.0001 
1
 Species turnover between sampling stations in the form of 
cba
cS ji ++
=
,
,where i and j 
are sampling stations, a is the number of species that occur only at station i, b is the 
number of species that occur only at station j, and c is the number of shared species. 
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Table 4. Changes in estimated density are shown as percentages for control and treatment units from the Pre- to Post-treatment 
(2002/2003 to 2004/2005) and Post to 2006 (2004/2005 to 2006) sampling periods for all study sites.  Differences in estimated density 
between control and treatment units ( )ct DD ˆˆ −  in individuals/100 hectares.  These estimates were calculated for Pre (2002/2003), Post 
(2004/2005) and 2006 sampling periods.  Bird species include Hairy Woodpecker (HAWO, bark-forager and cavity-nester), White-
breasted Nuthatch (WBNU, bark-forager and cavity-nester), Pygmy Nuthatch (PYNU, bark-forager and cavity-nester), Western 
Bluebird (WEBL, cavity-nester), and Mountain Chickadee (MOCH, cavity-nester).   
Unit 
Species 
code 
Control  
Pre to Post  
Control  
Post to 2006  
Treatment  
Pre to Post  
Treatment  
Post to 2006 
Pre 
( )ct DD ˆˆ −  
Post 
( )ct DD ˆˆ −  
2006 
( )ct DD ˆˆ −  
Apache-
Sitgreaves HAWO 196 -29 444 -13 -0.39 14.42 15.80 
 WBNU -58 74 -33 45 5.05 14.88 16.01 
 PYNU 50 -45 13 -53 9.39 -17.64 -17.89 
 WEBL 69 00 NA1 -17 NA1 3.24 0.58 
 MOCH 56 25 27 16 11.38 4.31 0.01 
Coconino HAWO 128 15 243 71 -1.5 1.97 11.19 
 WBNU -14 125 -34 101 16.11 1.55 -6.39 
 PYNU 14 24 29 13 -0.29 5.09 0.92 
 WEBL 116 25 118 12 17.69 38.89 35.55 
 MOCH 11 119 31 59 -3.63 0.69 -17.16 
Gila HAWO 82 -9 182 -39 5.16 20.59 9.23 
 WBNU -17 33 -35 11 5.76 -0.52 -5.07 
 PYNU 43 -61 2 -59 7.58 -11.94 -3.57 
 WEBL -7 -1 -1 -22 11.71 12.65 5.76 
 MOCH -16 43 134 -26 -18.59 24.02 -8.42 
Kaibab HAWO 224 -25 111 104 2.67 3.16 15.70 
 WBNU -56 214 -52 127 12.58 6.85 7.29 
 PYNU 7 97 -42 7 51.53 17.9 -4.28 
 WEBL 148 101 126 5 17.12 35.59 3.61 
 MOCH -56 377 -52 106 12.58 6.85 -11.39 
1
 Sample size not large enough to estimate density for this species 
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Table 5. Summary statistics, ANOVA results (F), and their associated p-values (p) for fuel tree (<23 cm DBH), wildlife tree (≥23 cm 
DBH) and wildlife snag (≥23 cm DBH) densities from pre-treatment to post-treatment periods.  Results for the control and treatment 
units are blocked by study site (S), including an interaction effect (change + site).  Bold text indicates a statistically significant result. 
 Change 
Density Fuel Trees 
(trees/ha) 
Density Wildlife Trees 
(trees/ha) 
Density Wildlife Snags 
(trees/ha) 
  Pre Post Pre Post Pre Post 
Control pre to 
Control post      
  
 Mean 281.94 260.07 146.88 158.29 4.48 6.42 
 F  0.68   1.45  
 5.64  
 p  0.4107  0.2296  0.0182 
 Site 
 53.76   2.42   5.21  
 p  <0.0001  0.0661  0.0016 
 Interaction 
 4.41   0.54   1.44  
 p  0.0047  0.6543  0.2318 
Treatment pre to 
Treatment post      
  
 Mean 349.25 273.88 130.15 166.67 6.60 13.47 
 F 
 4.92  9.98   6.06  
 p  0.0274 
 
0.0018 
 
0.0145 
 Site 
 39.76   11.60   1.86  
 p  <0.0001  <0.0001  0.1368 
 Interaction 
 32.03   10.62   2.75  
 p  <0.0001  <0.0001  0.0432 
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Table 6. Summary statistics, Welch’s t-test results (t), and the associated degrees of freedom (df) and p-values (p) for overstory 
vegetation at control and treatment units for the Gila and Kaibab study sites.  The groups include: Control pre-treatment and 
Treatment pre-treatment; Control post-treatment and Treatment post-treatment; Control pre-treatment and Control post-treatment; 
Treatment pre-treatment and Treatment post-treatment.  Bold text indicates a statistically significant result. 
 Comparison Density Fuel Trees Density Wildlife Trees Density (TPH) Density Wildlife Snags 
  Control Treatment Control Treatment Control Treatment Control Treatment 
Control pre – Treatment pre       
 Mean 230.00 392.31 133.47 128.62 363.47 520.92 2.87 4.54 
 df  108.26  122.74  107.79  113.97 
 t  -1.81  0.32  -1.69  -1.42 
 p  0.0724  0.7511  0.0936  0.1579 
Control post – Treatment post       
 Mean 154.00 102.31 152.00 121.54 306.00 223.85 5.87 18.92 
 df  130.15  122.39  137.51  68.60 
 t  1.58  1.75 
 2.14  -2.37 
 p  0.1156  0.0821  0.0341  0.0205 
          
  Pre Post Pre Post Pre Post Pre Post 
Control pre – Control post       
 Mean 230.00 154.00 133.47 152.00 363.47 306.00 2.87 5.87 
 df  116.84  145.69  120.50  125.53 
 t  1.41  -1.34  1.02 
 -2.47 
 p  0.1609  0.1832  0.3111  0.0148 
Treatment pre – Treatment post      
 Mean 392.31 102.31 128.62 121.54 520.92 223.85 4.54 18.92 
 df  71.99  125.85  76.85  68.19 
 t 
 3.69  0.38  3.56  -2.62 
 p  0.0004  0.7029  0.0006  0.0109 
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Table 7. R2 and p-values from linear regression of bark-foraging bird abundance (BFA) 
and overstory vegetation for treatment and control units, including wildlife snag (≥23 cm 
DBH), fuel tree (<23 cm DBH), wildlife tree (≥23 cm DBH), and total tree basal area and 
density.  Bold text indicates a statistically significant relationship. 
 
 
 
Unit Model  R2 p-value 
Treatment BFA & Fuel TBA1 0.0440 0.0150 
     
 BFA & Wildlife TBA1 0.1722 <0.0001 
     
 BFA & Total TBA1 0.1929 <0.0001 
     
 BFA & Fuel TD2 0.0227 0.0822 
     
 BFA & Wildlife TD2 0.1644 <0.0001 
     
 BFA & Total TD2 0.0755 0.0013 
     
 BFA & Snag Density 0.0020 0.6042 
     
Control BFA & Fuel TBA1 0.0450 0.0102 
     
 BFA & Wildlife TBA1 0.0927 0.0002 
     
 BFA & Total TBA1 0.0273 0.0455 
     
 BFA & Fuel TD2 0.0019 0.5987 
     
 BFA & Wildlife TD2 0.0235 0.0636 
     
 BFA & Total TD2 0.0080 0.2821 
     
 BFA & Snag Density 0.0080 0.2816 
 
1
 Tree basal area (cm), TBA= π (DBH/200) 2 
2
 Tree density, TD=stems/ha
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Table 8. The ANOVA results for differences in bark-foraging species richness levels 
(BFR) and overstory vegetation for treatment and control units and wildlife snag (≥23 cm 
DBH), fuel tree (<23 cm DBH), wildlife tree (≥23 cm DBH), and total basal area and 
density.  Bold text indicates a statistically significant relationship. 
 
Unit ANOVA groups  F p-value 
Treatment  BFR & Fuel TBA1 3.2580 0.0052 
      
  BFR & Wildlife TBA1 5.6574 <0.0001 
      
  BFR & Total TBA1 7.5358 <0.0001 
      
  BFR & Fuel TD2 2.1341 0.0538 
      
  BFR & Wildlife TD2 5.4931 <0.0001 
      
  BFR & Total TD2 4.3786 0.0005 
      
  BFR & Snag Density 0.6156 0.7175 
      
Control  BFR & Fuel TBA1 4.2768 0.0001 
      
  BFR & Wildlife TBA1 3.9150 0.0002 
      
  BFR & Total TBA1 2.3255 0.0181 
      
  BFR & Fuel TD2 1.0998 0.3671 
      
  BFR & Wildlife TD2 1.7095 0.0924 
      
  BFR & Total TD2 1.6261 0.1136 
      
  BFR & Snag Density 1.3994 0.1941 
 
1
 Tree basal area (cm), TBA= π (DBH/200) 2 
2
 Tree density, TD=stems/ha 
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Table 9. The proportion of total bird foraging time occurring on bark and other types of 
substrates at all study sites and at treatment (T) and control (C) units, for bark-foraging 
(Bark), other-foraging (Other), and all bird species (All). 
Site Substrate 
All 
(C,T) 
All 
(C) 
All  
(T) 
Bark 
(C,T) 
Other 
(C,T) 
Bark 
(C) 
Bark 
(T) 
Apache-
Sitgreaves Bark 0.7953 0.7495 0.8612 0.9366 0.6429 0.9147 0.9628 
 Other 0.2018 0.2505 0.1388 0.0634 0.3571 0.0853 0.0372 
Coconino Bark 0.7117 0.7506 0.7008 0.8979 0.4422 0.9073 0.8855 
 Other 0.2883 0.2494 0.2992 0.1021 0.5578 0.0927 0.1145 
Gila Bark 0.8441 0.8465 0.8500 1.0000 0.7773 1.0000 1.0000 
 Other 0.1534 0.1535 0.1500 0.0000 0.2227 0.0000 0.0000 
Kaibab Bark 0.7435 0.6524 0.8051 0.8481 0.6103 0.8000 0.8806 
 Other 0.2565 0.3476 0.1949 0.1519 0.3897 0.2000 0.1194 
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Table 10. The summary statistics, ANOVA results (t), and corresponding degrees of 
freedom (df) and p-values (p) for differences in diameter at breast height (DBH) of 
randomly selected trees at control and treatment units.  Results are shown for all study 
sites and each independent site.  Bold text indicates a statistically significant relationship. 
Site Unit  
Random 
Subset 
All Sites  t -0.24 
  df 2658.38 
  p 0.8141 
 Control Mean 34.10 
 Treatment Mean 34.20 
Apache-
Sitgreaves  t 0.17 
  df 407.83 
  p 0.8663 
 Control Mean 32.26 
 Treatment Mean 32.09 
Coconino  t 0.25 
  df 856.62 
  p 0.8036 
 Control Mean 32.82 
 Treatment Mean 32.66 
Gila  t -0.79 
  f 316.13 
  p 0.4306 
 Control Mean 32.58 
 Treatment Mean 33.43 
Kaibab  t -2.36 
  df 620.48 
  p 0.0183 
 Control Mean 37.24 
 Treatment Mean 39.13 
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Table 11. The pair-wise Welch’s t-test results for differences in diameter at breast height 
(DBH) of randomly selected trees and foraged trees at control and treatment units for 
each study site. Trees selected by bark-foraging birds at the control and treatment units 
were also tested against randomly selected trees at these units.  Bold text indicates a 
statistically significant relationship. 
Site Trees  All Control Treatment 
Control 
Bark1 
Treatment 
Bark1 
All Sites  t -10.30 -6.94 -7.61 -4.53 -5.91 
  df 542.75 270.05 271.25 129.07 125.97 
  p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
 Random Mean 34.15 34.10 34.20 34.10 34.20 
 Foraged Mean 40.96 40.41 41.53 39.93 42.03 
Apache-
Sitgreaves  t -3.94 -2.40 -3.09 -1.84 -2.24 
  df 173.13 73.76 103.25 40.73 50.46 
  p 0.0001 0.0192 0.0026 0.0734 0.0295 
 Random mean 32.19 32.26 32.09 32.26 32.09 
 Foraged mean 36.91 36.19 37.56 36.03 36.56 
Coconino  t -4.96 -3.74 -3.33 -3.87 -2.45 
  df 134.17 68.32 67.18 40.74 35.02 
  p <0.0001 0.0004 0.0014 0.0004 0.0194 
 Random mean 32.72 32.82 32.66 32.82 32.66 
 Foraged mean 38.57 39.96 37.08 42.86 37.23 
Gila  t -4.63 -3.45 -2.91 -2.05 -2.89 
  df 90.03 38.94 52.40 14.09 12.20 
  p <0.0001 0.0012 0.0053 0.0591 0.0133 
  mean 32.91 32.58 33.43 32.58 33.43 
 Random mean 39.17 39.39 38.97 39.31 44.40 
 Foraged t -7.65 -4.75 -6.16 -1.60 -4.89 
Kaibab  df 165.52 88.31 77.97 31.33 36.25 
  p <0.0001 <0.0001 <0.0001 0.1186 <0.0001 
 Random mean 38.03 37.24 39.13 37.24 39.13 
 Foraged mean 47.60 44.59 51.13 41.10 51.93 
1 Trees selected by bark-foraging birds 
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Table 12. A comparison of the total trees measured and attacked by beetles at control and 
treatment units against results found by two studies conducted at the same study units 
(Breece 2006, Pope 2006).  Bold text indicates results from this study. 
Source 
Total 
Trees 
Total 
Attacked 
Percent 
Attacked  
Attacked 
Control 
Percent 
Attacked  
Attacked 
Treatment 
Percent 
Attacked  
Berk 298 71 23 30 24 41 39 
Breece 2091 146 7 17 1.5 129 13 
Pope 4412 387 9.8 118 6 269 12 
 57 
 
 
 
 
Figure 1. The conceptual model for this research depicts the processes governing and the 
relationships between three primary variables (ovals); the fuel complex, fire regime, and 
avian habitat.  These processes are mediated through secondary (rectangles) and tertiary 
variables.  The fuel complex determines flammability depending on the vegetation 
available for consumption if an ignition should occur, whereas a fire regime is composed 
of the frequency, severity, and extent that is characteristic of a fire for a given ecosystem.  
In this context, avian habitat refers to both foraging and nesting habitat, as determined by 
forest structure, nest site availability, and food resources.  Parasites are included as a 
secondary variable because of the widespread impact of bark beetle and wood borer 
outbreaks in southwestern ponderosa pine forests and the implications for avian habitat.  
Arrows represent causal relationships; however, drought and lightning facilitate parasites 
as mediated through weakened tree defenses.
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Figure 2. Forest cover types and location of four study sites in Arizona and New Mexico.  Sampling design for Kaibab National Forest 
site is shown above. 
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Figure 3. Overstory vegetation sampling design adapted from Saab et al. (2006), used to 
measure wildlife trees (> 23 cm DBH), fuel trees (<23 cm DBH), wildlife snags (> 23 cm 
DBH), and fuel snags (<23 cm DBH) along four 25 m transects at each sampling station. 
Wildlife Snags 
20 m  
Wildlife Trees 
 > 23 cm DBH 
25 m Section 
Fuel snags and trees (< 23 cm DBH)  
6 m 
2 m 
Point 
12.5 m 
Subsegment 
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Figure 4. Temporal trends of Jaccard’s Index of Diversity (S) and standard error bars are 
shown for the Gila National Forest study site in New Mexico from 2002-2006.  Species 
diversity at the treatment unit (squares, solid line) and the control unit (triangles, dotted 
line) are depicted. 
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Figure 5. Temporal trends of Jaccard’s Index of Diversity (S) and standard error bars are 
shown for the Kaibab National Forest study site in Arizona from 2002-2006.  Species 
diversity at the treatment unit (squares, solid line) and the control unit (triangles, dotted 
line) are depicted. 
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Figure 6. Estimated density for bark-foraging and cavity-nesting birds at Apache-
Sitgreaves National Forest, AZ during Pre-treatment (green; 2002/2003), Post-treatment 
(red; 2004/2005) and Post-treatment (blue; 2006) periods. Bird density is depicted at 
control units by open bars and at treatment units by hatched bars.  The stacked plot shows 
the difference between the density at the treatment unit and the density at the control unit 
( )ct DD ˆˆ −  for each study period.  
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Figure 7. Estimated density for bark-foraging and cavity-nesting birds at Coconino 
National Forest, AZ during Pre-treatment (green; 2002/2003), Post-treatment (red; 
2004/2005) and Post-treatment (blue; 2006) periods. Bird density is depicted at control 
units by open bars and at treatment units by hatched bars.  The stacked plot shows the 
difference between the density at the treatment unit and the density at the control unit 
( )ct DD ˆˆ −  for each study period.  
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Figure 8. Estimated density for bark-foraging and cavity-nesting birds at Gila National 
Forest, NM during Pre-treatment (green; 2002/2003), Post-treatment (red; 2004/2005) 
and Post-treatment (blue; 2006) periods. Bird density is depicted at control units by open 
bars and at treatment units by hatched bars.  The stacked plot shows the difference 
between the density at the treatment unit and the density at the control unit ( )ct DD ˆˆ −  for 
each study period.  
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Figure 9. Estimated density for bark-foraging and cavity-nesting birds at Kaibab National 
Forest, AZ during Pre-treatment (green; 2002/2003), Post-treatment (red; 2004/2005) and 
Post-treatment (blue; 2006) periods. Bird density is depicted at control units by open bars 
and at treatment units by hatched bars.  The stacked plot shows the difference between 
the density at the treatment unit and the density at the control unit ( )ct DD ˆˆ −  for each 
study period.  
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Figure 10: The mean density and standard error for wildlife trees (DBH ≥23 cm), fuel 
trees (DBH <23 cm), total trees, and snags (DBH ≥23 cm) per hectare at all four study 
sites.  Data are summarized for the control pre-treatment (open bars), the treatment units 
pre-treatment (gray bars), control units post-treatment (hatched bars), and treatment units 
post-treatment (black bars). 
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Figure 11. The mean density and standard error for wildlife snags (DBH ≥23 cm) per 
hectare at Apache-Sitgreaves (ASAZ), Coconino (COAZ), Gila (GINM), and Kaibab 
(KAAZ).  Data are summarized for the control pre-treatment (open bars), the treatment 
units pre-treatment (gray bars), control units post-treatment (hatched bars), and treatment 
units post-treatment (black bars). 
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Figure 12: The mean density and standard error for wildlife trees (DBH ≥23 cm), fuel 
trees (DBH <23 cm), and total trees per hectare (TPH) at Apache-Sitgreaves study site.  
Data are summarized for the control pre-treatment (open bars), the treatment units pre-
treatment (gray bars), control units post-treatment (hatched bars), and treatment units 
post-treatment (black bars). 
 
  68 
D
en
si
ty
(tr
ee
s/
ha
)
Pre-Control
Pre-Treatment
Post-Control
Post-Treatment
 
 
0
100
200
300
400
500
600
700
800
900
Density Wildlife Trees Density of Fuel Trees Density (TPH)
 
 
 
 
 
 
Figure 13. The mean density and standard error for wildlife trees (DBH ≥23 cm), fuel 
trees (DBH <23 cm), and total trees per hectare (TPH) at the Coconino study site.  Data 
are summarized for the control pre-treatment (open bars), the treatment units pre-
treatment (gray bars), control units post-treatment (hatched bars), and treatment units 
post-treatment (black bars). 
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Figure 14. The mean density and standard error for wildlife trees (DBH ≥23 cm), fuel 
trees (DBH <23 cm), and total trees per hectare (TPH) at the Gila study site.  Data are 
summarized for the control pre-treatment (open bars), the treatment units pre-treatment 
(gray bars), control units post-treatment (hatched bars), and treatment units post-
treatment (black bars). 
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Figure 15. The mean density and standard error for wildlife trees (DBH ≥23 cm), fuel 
trees (DBH <23 cm), and total trees per hectare (TPH) at the Kaibab study site.  Data are 
summarized for the control pre-treatment (open bars), the treatment units pre-treatment 
(gray bars), control units post-treatment (hatched bars), and treatment units post-
treatment (black bars). 
 
